A method to enrich large size DNA fragments obtained by digestion with rare cutting restriction endonucleases was developed and applied for the isolation of a 150 kb Sfi] fragment containing the /3-globin gene cluster. The digested DNA is rendered single stranded at the ends by diffusing a strand specific exonuclease into an agarose plug containing DNA. The plug is melted and solution hybridization is then performed with a bridge RNA containing specific sequences from the end of a desired fragment linked to a common probe sequence. The common probe sequence is annealed to a biotinylated RNA and the resulting tripartite hybrid is retained onto a solid matrix containing avidin and specifically released by ribonuclease action.
INTRODUCTION
A megascale restriction map of the human genome, placement of known cDNA clones on the map and sequencing of the genome are desirable goals in human genetics and molecular biology. The availability of linking libraries (1, 2) and the feasibility of separating large size fragments obtained by partial digestion (3, 4, 5, 6) have made large scale restriction maps an attainable objective. Cosmid (7) and yeast artificial chromosome (YAC) (8) cloning techniques are useful for ordering successively larger pieces of the genome. Cosmid clustering, although reasonably rapid, is time consuming due to the short distances (<40kb) it permits one to proceed in each screening cycle. YAC cloning provides larger segments of genomic DNA (> 100kb), but does not permit direct isolation of specific DNA sequences. Also, the possibilities of rearrangements and deletions in YAC clones, and of sequences resistant to cloning have not been fully evaluated.
To circumvent potential problems of bias of sequence representation in a library, rearrangements and screening difficulty, and to supplement existing techniques of YAC cloning, we have developed an approach of chromosome 'fishing'. The aim of this technique is to isolate large genomic DNA fragments (> 100kb) without biological selection and then use the isolated fragment either for constructing highly enriched sublibraries or recovery of cDNAs corresponding to the isolated fragment. In this report, we describe a method that utilizes a biotin-avidin capture system and a highly specific ribonuclease release reaction for the selective enrichment of large human genomic DNA fragments, and suggest how partially purified fragments could be used for further characterization of the genome.
To select intact DNA fragments of interest, it is necessary to form a hybrid between target and probe sequences without denaturing the target sequences. A Rec A protein mediated search for homologous sequences (9) has been used in our laboratories to isolate desired plasmid clones (10) . This approach is advantageous because a probe may be used from anywhere within the large DNA target. However, limited stability of D loop complexes at low salt and high temperatures restrict its applicability to certain kinds of selection procedures. We chose a different approach which involves resection of the genomic DNA, previously digested with a rare cutter (Sfil, in the present experiments), and hybridization to a RNA probe specific to the resected end and annealed to a second biotinylated RNA partly complementary to the probe. This strategy requires a probe from sequences adjacent to a rare cutting site in the region of interest, and therefore relies on a linking library. Such linking libraries, consisting of DNA fragments containing rare cutting sites, are becoming increasingly available for various human chromosomes.
MATERIALS AND METHODS

Preparation and restriction digestion of genomic DNA
The large size human genomic DNA was prepared by direct lysis of 3.1.0 lymphoblastoid cells (11) in agarose blocks (12) . The agarose plug containing DNA was digested to completion by incubating with Sfil (20 units//tg DNA) in 250 fd buffer for 6 to 8 hours.
Pulsed field gel electrophoresis and Southern blotting
The Sfil digested DNA was electrophoresed in a CHEF electrophoretic apparatus at 250 V with a pulse time of 60 sec (5). The gel was stained with ethidium bromide and blotted onto a Hybond membrane. The membrane was hybridized with a pP] labeled (13) /3-globin specific probe in 0.5 M Na-Pi pH7.2, 7% SDS, 1 % BSA and lmM EDTA (14) . The filter was washed with 0.1 x SSC at 65° for 30 minutes and exposed to an X-ray film. The autoradiogram confirmed that the j3-globin cluster lies in a = 150 kb Sfil fragment, as estimated by comparison with concatamers of wild type X DNA (data not shown).
Resection of Restriction Digested DNA with X Exonuclease
Sfil digested genomic DNA in an agarose plug was incubated with X exonuclease buffer (70 mM Glycine-KOH, pH 9.4) without MgCl 2 and 25 units of X exonuclease (Bethesda Research Laboratories) for 20 minutes to let the enzyme diffuse into the plugs. The reaction was started by adding MgCl 2 to a final concentration of 3 mM and the incubation continued at 15°C for 10 minutes. The reaction was stopped by adding EDTA to a final concentration of 20 mM and the X exonuclease was digested with 100^g proteinase K at 37°C for 30 minutes. Proteinase K was inactivated by incubating the plug in a buffer containing 10 mM Tris, 1 mM EDTA and 1 mM phenylmethylsulfonyl fluoride. The size of the amplified product for these genes and DNA fragments is approximately 200 bp except for N-nas, which gives a 100 bp product. Some of these primer pairs yield artifactual bands representing primer dimers when PCR amplification is carried out for greater than 40 cycles.
Preparation of RNA transcripts
Protocol for affinity enrichment of the 150 kb Sfil fragment containing the human /3-globin gene locus
The agarose plug containing 40 to 60 /tg of Sfil digested and X exonuclease resected genomic DNA was melted at 70°C and mixed with a probe RNA-biotinylated RNA hybrid in a hybridization buffer containing 0.5 M Na-Pi, pH 7.2, 4% SDS and 5 mM EDTA, in a total volume of 1.5 ml. Hybridization was carried out at 65 °C for 1 hour. Biotinylated RNA was transcribed by T7 RNA polymerase from a HiruflE digested pBSM 13(+) plasmid containing a 135bp HindHl to Accl fragment from SV40 DNA. 20/tg of bridge RNA, as determined by absorbance at 260nm, was annealed to an 8 fold molar excess of biotinylated RNA in the hybridization buffer at 65°C for 45 minutes before hybridizing to the X exonuclease resected genomic DNA. The probe RNA-biotinylated RNA hybrid is schematically drawn in Fig. IB , where the bridge RNA is a T3 transcript of £coRI digested pBSM 13(+) plasmid containing a 452bp left end piece from the Sfil fragment ( Figs. 2A & B) and a 215bp HindBl DNA segment from SV40. The hybridization mixture was diluted to 10 ml to a final concentration of 75 mM Na-Pi and 100 mM Tris, pH 7.5, and gently mixed with 350 mg Vectrex-avidin suspended in buffer. The Vectrex-avidin was previously incubated in 150 mM NaCl, 100 mM Tris, pH 7.5, 25^g/ml of sonicated and denatured salmon sperm DNA and then washed with buffer devoid of salmon sperm DNA. The diluted hybridization mixture was incubated with Vectrex-avidin at room temperature for 60 minutes with intermittent gentle mixing. The matrix was allowed to settle under gravity and the supernatant collected. The matrix was then washed successively with 10 ml of buffer A (150 mM NaCl, 100 mM Tris, pH 7.5,0.5% SDS, lmM EDTA) at room temperature [23°-25°]; 10 ml of buffer B (15 mM NaCl, 100 mM Tris, pH 7.5, 1 mM EDTA, 0.5% SDS) at room temperature; 10 ml of buffer B at 65°C for 20 minutes; 10 ml of buffer C (80 mM NaCl, 10 mM Tris, pH 7.5) at room temperature; and finally the specific DNA was eluted by incubating the matrix with 2 ml of buffer C containing 100 /tg/ml ribonuclease at 37°C for 60 minutes.
Construction of a fragment specific sublibrary in XgtlO phage vector DNA in the ribonuclease eluate of the Vectrex-avidin matrix was precipitated by ethanol in the presence of 20 /ig of glycogen. A small fraction of the precipitated DNA was saved for PCR assays and the remaining DNA was digested with 10 units of EcoBl at 37°C for 15 minutes. The enzyme was inactivated by heating at 65°C. The digested DNA was precipitated by ethanol and ligated to 100 ng of EcoRl digested and dephosphorylated Xgt 10 vector arms in a 4/tl reaction volume at 14 C C for 12 hours. The ligated mixture was packaged into phage heads with Gigapack Gold packaging extract purchased from Stratagene. (Fig. 2A) , and is very well characterized (16, 17) . This genomic region is aJso known to contain sequences which have been refractory to cloning (18) . These retrovirus-like sequences are unstable in phage when propagated in a variety of strains of E. coli due to recombination. In the fishing experiment to isolate the 150kb genomic DNA fragment reported here, we used a 450 bp probe (Fig. 2B) subcloned from the 5' upstream region adjacent to the Sfil site. This large fragment was selected because of the sequence information available which facilitated synthesis of a set of PCR primers originating from within the globin gene and another set from a 500bp HindHI fragment sequence located some 10-15 kb upstream of the distal Sfil site. These PCR primers from the regions about 50 kb and 140 kb away from the fishing probe were helpful in assessing the integrity of the isolated fragment. A detailed protocol of the experiments is given in the Methods section.
RESULTS
Affinity capture protocol
The principle of the method is schematically represented in Figs. 1A & B and has been used for the isolation of the human jS-globin gene locus. The human /3-globin cluster is encompassed in an approximately = 150kb Sfil fragment
Resection of genomic DNA
Control experiments revealed that commercial preparations of lambda exonuclease produced no detectable internal cleavage of large size genomic DNA. Although other enzymes such as exonuclease HI are sufficiently pure for many experiments, we chose lambda exonuclease for resecting genomic DNA, because it causes stepwise removal of nucleotides from the 5' end of the DNA in a highly processive manner (19) . Thus, an excess of enzyme can be used for resection to obtain a nearly homogeneous species of resected DNA. While it is reported that X exonuclease utilizes DNA containing blunt ends as a preferred substrate (20), we found that DNA containing 5' recessed or 3' recessed ends can also be used. X exonuclease resection can be carried out by diffusing the enzyme into agarose plugs containing digested genomic DNA, and the reaction can be stopped by diffusion of EDTA solution into the plug.
Hybridization of probe and target sequences, retention of hybrid molecules onto avidin matrix and specific release with ribonuclease
In the experiments described here, we have melted the agarose plug containing Sfil digested human DNA after X exonuclease resection but prior to hybridization with a bridge RNA probe. The structure of hybridizing RNA species is shown in Fig. IB . A vector was constructed in which a probe sequence could be cloned downstream of a 215bp HindBl DNA fragment from SV40, which in turn was immediately downstream of a T3 RNA polymerase promoter. After cleavage with EcoRl and transcription with T3 RNA polymerase, an RNA probe is generated that has at its 5' end SV40 sequences and at its 3' end sequences complementary to the region of target DNA exposed by X exonuclease. This transcript is termed the bridge RNA because it serves to connect the target DNA to a second segment of biotinylated RNA (Fig. IB) complementary to the 5' end of the SV40 DNA. This RNA-biotinylated RNA hybrid and any target DNA sequence annealed to it at the other end will be retained on avidin immobilized to a solid matrix. In control experiments when [ 32 P]-labeled bridge RNA was annealed to biotinylated probe RNA, greater than 80% of the bridge RNA was retained on the avidin matrix. Binding of biotinylated RNA to an avidin containing matrix could be conducted in the presence of 0.5% SDS, which inhibited any traces of ribonuclease. Because of the extremely high affinity of biotin for avidin (21) , the matrix could be washed repeatedly under stringent conditions (65°C, O.lxSSC, 0.5% SDS). Such washings were essential for reducing non-specific binding of DNA to the matrix and networking of DNA due to exposure of repetitive sequences at the ends consequent to X exonuclease resection and subsequent hybridization.
As shown in Fig. IB , the bridge and probe RNAs were so constructed that a segment of 80bp of single stranded RNA separated the duplex between the bridge RNA and the target DNA on one side and die RNA-biotinylated RNA hybrid on the other side. This strategy was planned to facilitate enzymatic release of the captured target DNA by the highly specific action of ribonuclease on single stranded RNA and the bridge was sufficiently long to avoid any problems due to steric hinderance.
RNA concentration dependance and time course of hybridization for enrichment of a 150 kb Sfil genomic fragment
The ribonuclease eluted DNA from various experiments, performed with different RNA concentrations and different times of hybridization, was amplified with both globin primers and the HindUl fragment primers. As indicated in Fig. 2C , the recovery of the isolated fragment increased from around 2-3% (at lhr hybridization and 5^g RNA concentration) to about 10-15% (at 15 hrs. hybridization and 150/tg RNA concentration). The recovery plateaued at around 40-60 /xg RNA concentration. The ribonuclease eluate yielded comparable amounts of amplified DNA with both (3-globin and HindW primers; this indicates that the hybridization and other manipulations are not causing any detectable internal breakage in the fragment. PCR amplification of the genomic DNA template with /3-globin primers and HindHl primers was carried out with varying amounts of template. A proportional response of amplified product was observed in the range of template concentration used. The estimates of recovery were made by comparing PCR amplification of the test samples with a standard curve.
Assessment of recovery and purity of the isolated fragment Two methods were employed to estimate the recovery and purity of the isolated fragment. One was to amplify the flow-through, wash fractions and the ribonuclease eluate from the avidin matrix using primers specific for /3-globin genes and other randomly chosen genes. In the second method, the affinity captured Sfil fragment was completely digested with fcoRI and cloned into a Xgt 10 vector. The library was then screened with the probes specific for globin genes.
A typical experiment with 40/ig of genomic DNA, 20/ig of bridge RNA and a 1 hour hybridization time was subjected to PCR analysis to assess the efficiency of the protocol. As shown in Fig. 3A , B, C and D, when various fractions were amplified, both the flow-through and wash fractions contained DNA detectable with the globin as well as control HLA-B7 primers, however, the ribonuclease eluate contained only the globin specific amplified product. No HLA-B7 specific sequences were detected in the ribonuclease eluate even after DNA blotting and hybridization to a specific probe, indicating specific retention and release of the globin fragment. PCR was carried out on various fractions to quantitate the recovery in this experiment (Fig. 4A) . These results indicate that the recovery in the typical experiment is less than 5%. This can be increased to about 15% by longer hybridization times and using higher RNA concentrations (Fig.  2B) . For comparison of recovery we used optimized hybridization conditions to purify a 6 Kb Mlul-EcoRl fragment containing the HLA-B7 gene and embedded within a 40 kb cosmid. As shown in Fig. 4B , the recovery of this fragment ranged between 15-20%, and did not seem to be affected by the presence of melted agarose or genomic DNA. These results suggest that the recovery is not markedly affected by the size of DNA or any other discernable parameter. The nanogram amounts of isolated fragment are sufficient to make a deep library. However, the most important consideration in this approach is the purity of the isolated fragment. Most PCR experiments did not show amplification of any of the single copy sequences with primer pairs which did not He on the Sfil fragment. The results of one such experiment are shown in Fig. 5 . The ribonuclease eluate and initial DNA were amplified with primers specific for /3-globin and the 500bp HindUl fragment, as well as other genes such as TNF, OTC, HLA-B7 and N-ras which do not lie on the Sfil fragment. None of these genes unrelated to the isolated fragment were detectable even after 60 cycles of PCR. This result would suggest that the isolated fragment is absolutely pure. However, as discussed in the following section, the isolated fragment is only 5% pure. The aliquot of DNA used for PCR assay in these experiments contained approximately 1 -2 thousand copies of the Sfil fragment, and the contaminating sequences at an average of one molecule per tube. The contaminating sequences are present, but below the level of sensitivity of detection by PCR assay.
Enrichment of /3-globin genes in the fragment specific sublibrary To check the quality of the recovered fragment, a XgtlO phage library was constructed from the Sfil fragment purified from about 40 micrograms of genomic DNA. The library had about 330,000 plaques of which 330 were specific for (3-or 5-globin genes and 100 plaques were positive for the 7-globin gene as determined by hybridization to specific probes. Hybridization to pPJ-labeled total genomic DNA suggested that about half of the clones in the library had DNA of human origin. The average abundance of /3-globin 'gene in a genomic library is one in a million clones (assuming that average size of an EcoRl fragment is between 4-5 kb). The frequencies of/3-globin and 7-globin genes in the sublibrary are 1/1000 and 1/3300 respectively. Thus the minimum estimated purification of the Sfil fragment was between 350 and 1000 fold. The efficiency of cloning a known amount of an EcoRl insert DNA suggests that the recombinant plaques represented in this sublibrary will have arisen from 1 -2 ng of DNA. Since the recovery is about 5% in this experiment, the actual fragment will represent about 100 pg, and hence by this calculation the purity of the fragment is greater than 5 %. This is 1000 fold greater than its abundance in the complete human genome. While these calculations are only approximate, the data clearly support the contention that a substantial enrichment of the desired Sfil fragment was achieved.
DISCUSSION
This method is applicable for isolating DNA fragments obtained by digestion with any restriction endonuclease, provided a suitable probe is available from the end of the fragment. To apply the method systematically to extensive regions of the genome, it would be necessary to obtain linking clones devoid of any repetitive DNA, but a probe of 200-300 nucleotides devoid of repeats would suffice for the fishing protocol and these can be isolated from most linking clones. The results described in this paper do not address the upper size limit of the DNA fragment that can be isolated. At present we are exploring the feasibility of isolating DNA fragments a million basepairs long. Preliminary experiments, in which agarose plugs containing yeast chromosomes were melted, diluted and electrophoresed, indicate that these manipulations do not cause any detectable breakage of such large DNA fragments and point toward the feasibility of isolating them by the protocol described here. Currently, we are exploring this method for the isolation of fragments which are larger than routinely clonable in YAC vectors. The approach described in this paper does not involve any cloning in the selection step and hence, facilitates isolation of regions of the chromosome with sequences which are difficult to clone due to their tendency to undergo rearrangement or exhibit negative biological selection in E. coli or yeast. These isolated fragments can then be used as probes to recover cDNAs encoded in the region containing such sequences.
The level of purity obtained in the experiments reported here is sufficient for some screening purposes. Size selection of digested DNA by PFG before hybridization or use of DNA from somatic cell hybrids could decrease the non-specific background of human DNA in the sublibrary and consequently increase the enrichment. Alternatively, sequences within the enriched DNA fraction can be PCR amplified using Alu or Line primers containing cloning sites and subsequently cloned as previously described (22, 23) . We are attempting further enrichment of the sublibrary to near purity by denaturation and limited renaturation procedures as mentioned in the following section.
The present protocol provides a systematic and relatively simple way to proceed from a library of linking clones to a set of sublibraries enriched for desired sequences adjacent to linking clones. Such libraries can be useful in several ways for genomic mapping and sequencing. For example, denaturation and limited renaturation of non-repetitive sequences in a restriction digest of a 'fished' fragment or of inserts from an enriched library would yield further enrichment proportional to the second power of the original purification. The clones from such a nearly pure library can be used directly for sequencing and/or as probes to isolate relevant clones from YAC, cosmid or phage libraries. In addition, the 'fished' large fragment can be immobilized to nylon membrane and used to select for cDNAs by hybridization and the resulting clones could be further purified by denaturation and renaturation to obtain a library of expressed sequences corresponding to the initial large fragment. The ease of processing and minimum manipulations make it possible to simultaneously handle multiple samples and potentially automate the entire procedure.
